The Src-family kinases are allosteric enzymes that play a key role in the regulation of cell growth and proliferation. In response to cellular signals, they undergo large conformational changes to switch between distinct inactive and active states. A computational strategy for characterizing the conformational transition pathway is presented to bridge the inactive and active states of the catalytic domain of Hck. The information from a large number (78) N on-receptor Src tyrosine kinases are a family of large allosteric enzymes that are critical for cell growth (1-4). They play a key regulatory role inside the cell by turning downstream target proteins ''on'' or ''off'' through phosphorylation, during which the ␥-phosphate group of ATP is transferred to a tyrosine residue in the target protein (5). Their own activity is also tightly regulated by phosphatases and upstream kinases in multiple physiological processes. Uncontrolled Src kinase activation is linked to a number of diseases, particularly cancer, making them important targets for therapeutic intervention (6, 7). Discoveries of kinase inhibitors targeting the Src tyrosine kinase fold, including the Src family members and relatives, have been one of the most exciting advances in molecular design (8-13).
. They play a key regulatory role inside the cell by turning downstream target proteins ''on'' or ''off'' through phosphorylation, during which the ␥-phosphate group of ATP is transferred to a tyrosine residue in the target protein (5) . Their own activity is also tightly regulated by phosphatases and upstream kinases in multiple physiological processes. Uncontrolled Src kinase activation is linked to a number of diseases, particularly cancer, making them important targets for therapeutic intervention (6, 7) . Discoveries of kinase inhibitors targeting the Src tyrosine kinase fold, including the Src family members and relatives, have been one of the most exciting advances in molecular design (8) (9) (10) (11) (12) (13) .
Members of the Src kinase family share a common structural organization, which consists of 2 regulatory SH3 and SH2 binding domains, followed by a catalytic domain. The catalytic kinase domain is highly conserved among many protein kinases, and its overall architecture closely resembles that of other protein kinases such as protein kinase A (14-16), Csk (17, 18) , and Abl (7, 8, 19) . It comprises an N-terminal lobe (N-lobe) and a C-terminal lobe (C-lobe) (see Fig. S1 ), between which the active site is located.
Structures of inactive and active conformations have been characterized by X-ray crystallography (20) (21) (22) (23) (24) (25) . The primary structural distinctions between the 2 conformations concerns the phosphorylation of Tyr-416 located in the central activation-loop (A-loop) and the orientation of helix ␣C. In the inactive state, the A-loop with unphosphorylated Tyr-416 is closed and folded to occlude substrate entry into the active site, while the orientation of the ␣C helix is stabilized by hydrophobic contacts and salt bridges with the loop and neighboring structural motifs to keep important catalytic residues away from the active site (22, 24, 26) . In the active state, an outward movement of the A-loop opening up the active site to substrate binding is accompanied by an inward rotation of the ␣C helix recruiting the residues needed to form a catalytically competent active site. The fully active state is ultimately stabilized by the phosphorylation of Tyr-416, although the kinase domain can also adopt an open active-like conformation with unphosphorylated Tyr-416 (25) . It is the process of trans-phosphorylation of Tyr-416 (via a bimolecular encounter with another active Src kinase) that ultimately ''locks'' the domain in its catalytically active state (27) . For this final process to occur, the A-loop of the kinase domain must adopt an open active-like conformation, at least transiently, to expose Tyr-416 to another kinase.
In the full-length inactive state, the SH2 and SH3 regulatory domains serve to down-regulate kinase activity by acting as a ''clamp'' pushing on the back side of the enzyme (23) , presumably by interfering with the ability of the kinase domain to undergo a transition toward its open active-like conformation. In the absence of the SH2 and SH3 regulatory domains, the isolated catalytic domain is constitutively active (20) , which suggests that the transition toward the open active-like conformation is allowed under these conditions. In this context, characterizing the conformational transition in the isolated catalytic domain is an important first step to understand the inhibitory action of the regulatory domains. A more complete knowledge of the conformational transition within the kinase domain is also expected to broaden the configurational space to search for possible kinase inhibitors, which could target any number of intermediate states (6) .
A detailed mapping of the conformational transition pathway leading to Src activation is very difficult to achieve with experiments because all of the intermediate states are short lived. Molecular dynamics (MD) simulations based on detailed atomic models and explicit solvent provide a powerful and alternative approach to investigate such processes. However, the scope of simple brute-force simulations, which are limited to relatively short time scales, must be expanded to yield useful information. In this article, the accumulated information from multiple all-atom MD trajectories with explicit solvent is used to map the conformational landscape from the inactive to active state of the catalytic domain of Hck. The initial structures of these unbiased MD simulations were taken from various points along a targeted MD (TMD) simulation trajectory (28).
A clustering scheme is then used to regroup similar conformations together from independent trajectories. This procedure allows us to construct a connectivity map and characterize the collective dynamics of the conformational transitions linking the inactive to the active state. From the connectivity map analysis, we identify 2 intermediate states and characterize their structural features. The results complement previous simulation studies on Src activation, based on coarse-grained (29) and all-atom models (7, 28, (30) (31) (32) (33) (34) . The computational strategy is general and should lead to important advances in our ability to analyze protein allosteric transitions.
Results
Conformational Landscape: A Connectivity Map. We consider the transition pathway between the inactive conformation and an active-like conformation with Tyr-416 unphosphorylated (hereafter referred to as active for the sake of simplicity). Systems relaxed and equilibrated at 78 conformations between the inactive and active states were released (28) and simulated by free all-atom MD simulations with explicit solvent, for a total time of Ϸ1 s (see Methods for details). From the simulations, the entire configuration space is then partitioned into 25 clusters, and a connecting diagram is constructed. This connectivity map is displayed in Fig. 1 , which covers the conformational landscape ranging from the inactive to the active state. On the landscape, similar structures are partitioned into the same cluster by using a K-means clustering algorithm (35). The neighboring clusters are connected by filtered transitions as collected from MD trajectories. A few examples of trajectories undergoing a transition from one cluster to another are indicated by colored connecting lines on the map (Fig. 1) . The distances between clusters are plotted to be inversely proportional to the intercluster transition rates. The interconversion rates were observed using a time interval (lag time) of 100 ps (see SI Text and Fig. S2 for details) .
The procedure for constructing the connectivity map can potentially lead to very noisy statistics because of brief ''spurious'' recrossing events of the MD trajectories between 2 clusters (see a diagram in Fig. S3 ). To filter out those recrossings at the boundary between clusters, we used a distance cutoff to assign the transition between clusters i and j. The crossing from i to j is considered as a true transition only when a system has really escaped the state i. By definition, a transition occurred if the point-to-centroid distances satisfy d i (t ϩ ␦t) Ͼ ␥ d i (t), where d i (t) and d i (t ϩ ␦t) are the distances of an individual structure to its cluster center at time t and t ϩ ␦t, respectively. Accordingly, if the configuration is crossing the cluster-cluster boundary d(t) at time t, the crossing is considered as a true transition only if a distance of d(t ϩ ␦t) Ͼ ␥d(t) is reached within the time interval ␦t (Fig. S3 ). This procedure filters out the ''false-alarm'' recrossings that occur at the cluster boundaries without leading to a definite transition. For the Src map construction, ␦t ϭ 10 ps was used and ␥ ϭ 1.1, 1.2, 1.3 were applied. Additional check on intercluster transitions shows that different simulations overlap with each other in the cluster space, ensuring that the clusters are well connected (Fig. 1 Lower) . Thus, we achieved a complete ensemble of conformations spanning the transition from the inactive to the active state.
The connectivity map serves to chart the territory visited by the macromolecule during the state-to-state conformational transitions. The concept of the connectivity map bears some similarities with the protein folding networks (36-40), which have been used to describe the folding landscape from unfolded states to a folded state. S2 ). The topology of the map is also conserved with various boundary cutoffs (␥ ϭ 1.1, 1.2 and 1.3), which filter out spurious recrossing events at the boundary between 2 clusters (Fig. S3) . I 1 and I 2 are also likely to be metastable intermediates along the activation path because of the estimated longer average lifetime of each cluster to which they belong (Fig. S4) . The lifetime is defined as the time period for which the conformation remains in its own cluster before making a transition to another cluster. It should be noted that another cluster (no. 21) has a long lifetime but is not classified as an intermediate because it is close to the edge of the connectivity map and gets disconnected as the cutoff ␥ increases (Fig. S3 ).
Collective Dynamics During Src Activation. The crystallographic structures display a relative shift of the N-lobe and the C-lobe between the inactive and active state (24) . To investigate the large collective domain-domain motion, we first align all configurations generated from simulations according to 3 main ␣-helices in C-lobe as shown in red in Fig. S5 (␣E: L360-Q379, ␣F: I441-T457, and ␣H: E489-W499 in c-Src numbering). We then determine 3 principal axes of 3 main ␤-strands in N-lobe in blue (␤2: G279-T285, ␤3: K291-M297, and ␤5: I336-E339). The rotation angles around 3 principal axes are finally computed and projected on the connectivity map (Fig. S5) . The color-codes are based on the average rotation angles. From the map, a major rotation around the third axis is observed, which separates I 1 from I 2 . Similarly, the translational motion between 2 lobes is also projected on the map (Fig. S5) Fig. 2 . At I 1 , the ␣C helix is relatively close to the inactive state, while the A-loop has progressed to the middle of its transition toward the active state (green). At I 2 , the ␣C helix starts to rotate toward the active state (green), while the A-loop is opening further (yellow). The maps clearly show the motion of 2 key motifs. Initially, the A-loop opens up without much rotation of the helix (Inactive 3 I 1 ), and then a concerted movement of both of them is required to make the complete transition (I 1 3 I 2 3 Active). Such sequential movements were also observed in the activation of cyclin-dependent kinase cdk2 upon binding to cyclin (41, 42).
The structural difference between 2 intermediates suggests that the ␣C helix plays a more important role than the A-loop in terms of stabilizing the inactive conformation. This is because the A-loop is dynamic and the ␣C helix is relatively rigid. For transphosphorylation to occur, the A-loop must be open to expose Tyr-416 to the active site of the other kinase, at least transiently. Transient dynamic openings of the A-loop are consistent with the existence of significant structural fluctuations of Src (22, 21) . In the initial X-ray structure of Hck (22) , the A-loop could not be resolved, indicating that it was either very mobile or adopted a number of conformations. However, the inward rotation of ␣C helix is rather late within a rather narrow region, indicating that it is relatively rigid. This notion has been observed in both coarse-grained models (29) and atomistic models (34). From a practical standpoint, this structural difference suggests that potential kinase inhibitors that target stabilization of the ␣C helix might be able to better trap the Src kinase in inactive or I 1 states and block the transition to I 2 or the active state.
Switching of Ion-Pairs and Hydrophobic Packing. From the simulations, we observe that a set of key residues involved in ion-pair formation proximal to the A-loop and the ␣C helix are switching their interaction partners during activation. Among these residues are Glu310 in the ␣C helix, Lys295 in the ␤3 strand, Thr338 in the ␤5 strand, Arg385 from the ''HRD'' motif (21, 22) , Asp404 from the DFG motif (7), and Arg409 in the A-loop (Fig. 3) . During activation, Glu310 from the ␣C helix switches its interacting partner from Arg409 to Lys295, while Lys295 appears to move away from Asp404 to Glu310. The mass-weighted centerof-mass distance changes between the side-chains of these residues as shown in Fig. 3 and Fig. S6 . These observations are consistent with previous results obtained with nonequilibrium MD simulations (32). Notably, the ion-pair formed by Glu310 and Arg409 is maintained in I 1 , but the separation starts during the transition of I 2 3 active. We also find that the distance between Glu310 and Arg385 gradually increases by Ϸ2 Å, correlated with the ␣C helix rotation (Fig. S6) . We note that a similar The color-coded maps for the A-loop (by ⌬Q A-loop) and the ␣C helix (by ⌬Q␣C) indicate that the loop opens earlier than the ␣C helix starts to rotate. For example, the ␣C helix is in its inactive conformation at I1, while the A-loop adopts a partially extended form. The most probable structures are shown in the Lower to illustrate their structural features. Residues I411 to P425 are used to define the flexible region of the A-loop. Residues V304 to K315 are used to define the ␣C helix. ⌬QA-loop and ⌬Q␣C are the difference of the number of contacts. For an easier comparison with the results from a previous study based on a coarse-grained model (29), an identical list of native contacts was used in the definition of ⌬Q. A list of 55 (48) and 30 (59) distances was included to describe the helix rotation (the A-loop opening) for the inactive and active state, respectively, defined on the basis of the crystal structure of Hck (PDB entry 1QCF) and the homology model of c-Src (PDB entry 1Y57). A contact between 2 residues (i and j) is considered formed if ͉r ij Ϫ ij͉ Ͻ (␥ Ϫ 1)ij where ␥ ϭ 1.2. rij and ij are the instantaneous and native distances between 2 residues (i and j), respectively.
concerted motion was inferred from the interactions of Lys295, Glu310, and Arg 409 in recent restrained MD simulations (49).
The simulations show that a hydrophobic cluster (formed by Phe307, Met314, and Leu407) remains packed for the inactive state and I 1 , but starts to break and disperse gradually during the transition from I 1 to I 2 ( Fig. 3) . The ''melting'' of the hydrophobic cluster at the intermediate stage leaves room for Glu310 to form an ion-pair with Lys295 (33), and the ␣C helix to rotate. The hydrophobic rearrangement is near Trp260 in the N-terminal of the catalytic domain, which has been described as a key component for down-regulation acting as a gate-keeper residue (23) . Fig. 3 also shows the gradual separation of Trp-260 from the hydrophobic residues in the ␣C helix.
It is worth noting that the shape of the substrate binding pocket is affected by the conformational transition, especially in the region proximal to residues Ile-336, Thr-338, and Ile-341. Structural plasticity in this region is important because various kinase inhibitors can target different conformations, including intermediate states (6) . Analysis of 7 known inhibitors and their steric clashes with protein atoms indicates that the binding pockets of I 1 and I 2 would be able to accommodate a wider range of inhibitors than the inactive conformation (Fig. S7 ). Thus, I 1 and I 2 could serve as additional target structures for the discovery of new kinase inhibitors.
Coarse-Grained Free Energy Landscape and Kinase Activation. To assess the relative stability of the 4 states along the activation pathway, a coarse-grained free energy landscape associated with the key motions of the A-loop and the ␣C helix was constructed from the connectivity map and the population of each cluster. The coarse free energy landscape was obtained by summing over Gaussian functions weighted by the population of each cluster p i according to Eq. 1. The result represents an equilibrium sum over each individual cluster, ''smeared'' by the natural fluctuations within each cluster. The procedure bears some similarities with metadynamics (43) and the single sweep method (44). The population of each cluster was estimated as the equilibrium eigenvector (with unit eigenvalue) of the transition probability matrix T built with a time interval of 100 ps from all-atom MD trajectories with explicit solvent (Fig. S8 ).
Fig . 4A shows the reconstructed coarse free energy surface. The free energy landscape supports the notion that the motions of the A-loop and the ␣C helix are decoupled in the early stage of the activating transition, and that they become increasingly coupled only toward the active state. Four well separated stable states, including I 1 and I 2 (marked by arrows), are clearly identified. In the intermediate state I 1 , the A-loop is already half-open even though the helix ␣C has not started to undergo any rotation. The population of the 4 stable states is estimated to be: 57% (inactive), 20% (l 1 ), 14% (l 2 ), and 9% (active) (Fig.  S8 ). Previous umbrella sampling simulations also indicated that transitions from the inactive state to intermediate configurations similar to l 1 , in which the A-loop is open but the helix ␣C has not rotated, were energetically feasible (34). Additional analysis based on the transition probability matrix T provides an estimate of the mean first passage time or the inactive-active transition around 0.1-0.2 sec (Eq. 2 in SI Text and Fig. S8 ). Although this value is quite uncertain, it could be improved with additional sampling and by refining the Markovian character of the transitions (38). According to Fig. 4A , the inactive state has the highest probability and is still dominant for the isolated catalytic domain. Nevertheless, the A-loop displays a sufficiently high propensity of opening up, which would permit the transphosphorylation of Y416 (20) .
The free energy landscape extracted from the current all-atom simulations is qualitatively consistent with the results from a previous study based on a simplified 2-state coarse-grained model (29) (see Fig. S9 ). In both studies, the A-loop can progress without rotation of the ␣C helix near the inactive state until the 2 structural elements become more strongly coupled as the system approaches the active state. The main difference concerns the 2 intermediates I 1 and I 2 , which are observed in the atomistic MD simulations. Those intermediates could not exist previously because only the 2 end-points were stable configurations by construction of the 2-state coarse-grained model. The qualitative accord between the 2 models suggests that the dominant features of the transition were captured in the current study.
Although the present computations did not include the SH2 and SH3 regulatory domains, it is possible to form a hypothesis about their influence on the activation process in the full-length kinase. Fig. 4C shows the SH2 and SH3 regulatory domains reconstructed onto the isolated kinase domain for 10 snapshots extracted randomly from each of the 4 stable states identified in Fig. 4A . The 2 domains were reconstructed relative to the catalytic domain N-terminal linker (Lys-252 to Trp-260) at their most likely position using the simple assumption of no internal structural change. These putative 3D models of the full-length Src kinase suggest that complete release of the SH2-SH3 clamp is not necessary in the early stages of the conformational transition. Specifically, the majority of the reconstructed configurations for I 1 are compatible with the down-regulated assembled form of the SH2-SH3 clamp. In contrast, the number of reconstructed configurations compatible with the downregulated assembled form is reduced for I 2 and the active state (although the down-regulated form never appears to be strictly forbidden). This suggests that the catalytic domain should be able Switching of a network of charged residues of K295, E310, R385, D404, and R409. In the inactive state, E310 points toward R409. In the active state, E310 switches its partner from R409 to K295 when the ␣C helix is rotated. This switching mechanism is clearly shown from contour plots of mass-weighted center-ofmass distances between the side-chains of 2 residues and the RMSD of the A-loop (relative to its inactive conformation). Additional ion-pair formations such as E310-R385 and K295-D404 are also examined along the pathways ( to make transient visits to the state I 1 , even while the SH2 domain remains fully ''engaged'' to the C-tail. While Y416 in the middle of the A-loop is buried in the activate site pocket in the inactive state, the A-loop opens up during the transitions to I 1 , through which Y416 becomes solvent-accessible (Fig. 4B) . The functional implication is that a complete transition to the fully active conformation is not required to render Y416 accessible for transphosphorylation. Transient visits of the catalytic domain to intermediate configurations are permitted, when the SH2-SH3 clamp remains fully engaged to the C-tail. Those transitions would periodically open up the A-loop, making Y416 available for the transphosphorylation event that ultimately locks the fully active state.
Conclusions
The activation of a multidomain allosteric signaling enzyme such as Src kinases involves complex large-scale conformational changes. We presented a general computational strategy to characterize such a conformational change in the Src catalytic domain by bridging multiple MD trajectories. Using all of the information gathered from relatively short all-atom molecular dynamics simulations, we were able to assemble a connectivity map allowing us to navigate the conformational landscape for the conformational transition of Src. Two intermediate states were identified along the conformational transition pathway and their key structural features were characterized. These intermediates appear as shallow basins in a coarse-grained free energy surface. The connectivity map and the coarse-grained free energy surface help provide a simplified structural description of the concerted motions of Src activation. The broad framework emerging from the present analysis sets the stage for a quantitative characterization of the effect of the SH2 and SH3 regulatory domains on kinase activation.
Methods
Simulation Details. Models of inactive and active states of Src kinases were generated from the crystal structures of Hck (PDB entry 1QCF) and Lck (PDB entry 3LCK), respectively (23, 20) . In both cases, 2 associated Mg 2ϩ ions and ATP were present in the active sites [modeled based on the ATP-Mn 2ϩ conformation in PKA, PDB entry 1ATP (45)] and Tyr416 in the activation loop was not phosphorylated. The 2 structures with the Hck amino acid sequence were equilibrated by using 2 ns MD simulations with heavy-atom restraints to reach their local structural minima (33). All structures were solvated with a 150 mM KCl aqueous solution. Simulations were performed with the MD packages of CHARMM (46) and/or NAMD (47). Additional details can be found in SI Text.
Clustering and Mapping Method. To extend the short-time limit of all-atom simulations, we used the following 5-step computational strategy.
Step 1: A targeted MD simulation (TMD) pulling the protein from the initial to the final state using a with root-mean-square-deviation (RMSD) restraints (e.g., ref. 48) was performed to generate an initial path from the inactive to active state (33).
Step 2: A large number of representative configurations spanning the TMD trajectories between the active and inactive conformations were selected and further relaxed in the presence of the RMSD restraint (33).
Step 3: The restraining potential was released and free unbiased all-atom simulations with explicit solvent were generated.
Step 4: The configurations from the unbiased trajectories were collected and clustered into N classes based on structural similarity; we chose N ϭ 25, an upper bound for dividing the configurational space of the catalytic domain based on previous coarsegrained simulations (29).
Step 5: The conformational landscape was finally built based on the transitions inferred from the unbiased MD trajectories between the various clusters. In steps 1 and 2, the RMSD restraint was applied to the ␣C helix, the Activation-loop, and 2 ␤-strands in the N-lobe (H289 to V329 and S397 to G437). For steps 4 and 5, the structural similarity was based on a list of 895 distances between pairwise C␣ atoms forming interactions in either the inactive or the active. If the clusters were not all connected, either more configurations (step 2) or longer MD simulations (step 3) or both, were required. The procedure can be repeated until all clusters are connected and a fully connected map is achieved. In the case of the Src kinase domain, we selected 78 configurations (step 2), for which an unbiased MD trajectory of 12 ns was generated. The total resulting simulation time is Ϸ1 s.
Reconstruction of a Coarse-Grained Free
where X and Y are any 2 variables. kB is the Boltzmann factor and T is the temperature of the system. In the Src activation, X and Y represent the A-loop opening and the ␣C helix rotation, respectively. Xi (and Yi) and xi (and yi) represent the average and standard deviation for cluster i on the colored connectivity maps shown in Fig. 2 . An empirical scaling factor ϭ 0.45 was used. 
SI Text
Simulation Details. The all-atom molecular dynamics simulations consists of 2 stages: (i) a conformation preparation stage using biased TMD simulations and (ii) 78 replicas of straight-forward brute force simulations for structural relaxation and production simulations for the conformations generated from the first stage.
In the first stage, the initial structures of the Hck kinase domain, ranging from the inactive to the active conformations, are prepared from pulling and umbrella sampling simulations. Details of this structural preparation stage can be found in the previous publication (1) . A brief summary is as follows: The Hck catalytic domain inactive state structure were taken from the 2.0 Å resolution crystal structure (PDB entry 1QCF) in the presence of the inhibitor PP1; the initial active state structure of the Hck catalytic domain was obtained from the 1.7 Å resolution Lck active form structure (PDB entry 3LCK) (2) by sequence alignment using ClustalW (3) and homology modeling using MODELLER (4). ATP was modeled into the active state by placing the adenine base moiety of ATP in the same orientation as the adenine base moiety of the bound inhibitor PP1 in the inactive state Hck crystal structure. The initial internal conformation of ATP and its associated Mg 2ϩ ions was obtained from the Mn-ATP structure in the PKA crystal structure (PDB entry 1ATP) (5). A 150 mM KCl solution box was used to solvate all structures. The Particle Mesh Ewald approach was used to treat long-range electrostatic interactions and a cutoff of 10 Å was used for nonbond interactions. The initial structures for the intermediate windows for the transition between the inactive and active conformations of the kinase domain were generated using 1D rmsd restraints pulling the structure gradually from the inactive to the active conformation. The region included in the restraint was chosen by initially orienting all nonhydrogen atoms in the kinase domain in the inactive and active reference structures. A total of 82 residues (H289-V329 and S397-G437 in c-Src numbering) were included in the restraint including the ␣C helix, the activation loop, and the ␤3 and ␤5 strands in the N-lobe. Each intermediate was generated at 0.1 Å rmsd intervals with 10 ps of NVT sampling before pulling it to the next intermediate value Ϫ0.1 Å rmsd away. A total of 78 windows were generated spanning the separation of 7.5 Å rmsd between 2 reference states. These windows from pulling were then used as starting points for umbrella sampling MD simulations with a harmonic restraint (1). In the second stage, all structures from 78 windows are relaxed with a gradually reduced harmonic restraint for heavy atoms from a force constant of 2 kcal/(mol⅐Å 2 ) to zero over a period of 500 ps. Each window is subsequently allowed to explore the local conformational landscape by free MD simulations without any restraint for 12 ns. Therefore, a total of simulation time for production is 0.936 s. All of the simulations were performed using NAMD 2.6 (6) under standard conditions of 300 K with the all-atom PARAM27 CHARMM force field (7) . In this second stage, a cutoff distance of 12 Å is used for nonbond interactions.
Construction of a Connectivity Map.
To navigate the conformational landscape, we partitioned the entire configurational space into N discrete clusters by the K-means clustering algorithm. The clustering scheme includes a total of 895 pairwise distances between C␣ atoms that interacts with each other in either the inactive or the active state, or both. We minimized the sum of point-to-cluster-centroid distances, over all clusters, by a 2-phase iteration as implemented in MATLAB. This procedure was repeated 3 times and we selected the cluster partitioning with the lowest value of the sum of point-to-centroid distances.
The clustering procedure yields a good distribution for each configurational snapshot close to the cluster centroid. However, it also leads to very noisy statistics for transitions near the ''edge'' of clusters. To filter out the noisy transitions, we used a distance cutoff of ␥ for the transition between clusters i and j. The transition from i to j occurs only if the point-to-centroid distances where d i (t) and d i (t ϩ ␦t) are the snapshot distances to the centroid of cluster i for 2 adjacent snapshots at time t and t ϩ ␦t, respectively. A diagram is shown to illustrate this procedure (Fig. S3) . To sort out the cluster ordering on the conformational landscape, a lag time of is used to count intercluster transitions from cluster i to j.
Taken together, a connectivity map can therefore be constructed from the intercluster transition to visualize the conformational changes in the high-dimensional configurational space (8) . The connectivity map is built from the intercluster transitions between any 2 clusters i and j with a probability of T ij (). The transition probability matrix T(t) ϭ T(j, t o ϩ t͉i,t o ) was built among N clusters, whose (i,j) element is transition probabilities of reaching cluster j after waiting for a lag time of t, given that the system was in cluster i at time t o (9) . The transition between connected clusters is finally viewed as a spring-and-charged N-particle system. Each cluster is assigned a unit charge and pairs of clusters (i and j, i j) are linked by elastic springs with
If we assume that the transitions among N clusters be Markovian at the first order approximation (9, 10, 8) , {p i } is the eigenvector with unit eigenvalue of T and represents the stationary distribution of all clusters (i ϭ 1, . . . , N) . Therefore, the total energy of this spring-and-charged system includes Coulomb and spring-like harmonic interactions among these N clusters. Finally, a Monte Carlo algorithm was used to find the local energy minimum, which maps out the 2D layout of the ''connectivity map.'' Equilibrium Population and Rate Estimation from a Makov Analysis.
As a first-order approximation, the equilibrium population for each cluster and the transition rate from one cluster to another can be estimated from a Markov model (e.g., refs. [11] [12] [13] [14] [15] . If a process [or the transition represented by T(t) in this case] is Markovian (9) , it has the following features. (i) As a main feature of the Markov model for time propagation, a Markov chain can provide the kinetic information from simulations, i.e., T(nt) ϭ T n (t) where the process is still Markovian at a coarse-grainer time scale of nt (11). (ii) As we mentioned earlier, the stationary distribution or cluster population (p i ) of all N clusters is the eigenvector of the unit eigenvalue of T. (iii) The second largest eigenvalue provides the characteristic time (or the relaxation time constant of the single exponential decay) of the largest time-scale motion, t* ϭ Ϫt/ln. (iv) The probabilities q i (the forward committor functions) of going from any cluster i to the final active cluster can be computed from T by
where I is an identity matrix and T Љ is the (N Ϫ 2) ϫ (N Ϫ 2) matrix formed by removing the Ath and Bth rows and the Ath and Bth columns from T. iЈ and jЈ are the corresponding indices for i and j after removal. A and B are the inactive and active cluster indices, respectively, and q A and q B were set to 0 and 1, respectively. (v) Similarly, the mean first passage times i from any cluster i to the active cluster B can be computed by (8)
where ⌬t is the time unit when the transition matrix was built and TЈ is the (N Ϫ 1) ϫ (N Ϫ 1) matrix formed by removing the Bth row and the Bth column. Here, iЈ, jЈ, and kЈ are the corresponding indices after removal. Therefore, the mean first passage time (the inverse of the transition rate) from the inactive to active cluster is ϭ A . 3) for the transition between clusters. A distance cutoff of ␥ was used to filter out the noisy transitions at the cluster boundary of the transition between clusters i and j. The transition from i to j occurs only if the point-to-centroid distances satisfy d i (t ϩ ␦t) Ͼ ␥di(t), where di(t) and di(t ϩ ␦t) are the snapshot distances to the centroid of cluster i for 2 adjacent snapshots at time t and t ϩ ␦t, respectively. ␦t ϭ 10 ps was used. Shown are 2 illustrative diagrams for unsuccessfully and successful transitions, respectively, where ␥ ϭ 1 is the boundary between 2 clusters. Before applying such a filtering method, both are considered as a transition from i to j. After applying such a filtering method with ␥ Ͼ 1, only the latter is considered as a real transition. ␥ ϭ 1.1 is selected for the rest of discussion. Fig. S4 . The average life-time of each cluster is approximately estimated from simulations with a time interval of 10 ps. Both I1 and I2 have a higher life-time within their own neighborhood, indicating that they are relatively stable. There is one outlier (no. 21), which is close to the edge of the connectivity map and gets disconnected as the cutoff of ␥ increases (Fig. S3) .
Fig. S5.
Relative rotation between N-lobe and C-lobe. (A) Three ␣-helices of the C-lobe shown in red (␣E: L360-Q379, ␣F: I441-T457, and ␣H: E489-W499) were used to align all of the configurations from simulations. Three principle axes (1, 2, and 3) were then determined for the core of the N-lobe represented by 3 ␤-strands shown in blue (␤2: G279-T285, ␤3: K291-M297, and ␤5: I336-E339). The rotation angles (␣1, ␣2, ␣3) of these 3 principle axes along the activation are therefore computed and projected onto the connectivity map. (B) The projection of the lobe-lobe rotation of the principle axes 1, 2, and 3 (corresponding to the rotation angles ␣1, ␣2, and ␣3). From the map of ␣1 projection, the first intermediate state (I1) is 3.4°away from the inactive state, and the second intermediate state (I 2) is 3.6°away from the active state. A major rotation of 6.4°occurs at the intermediate transition (I1 3 I2) . From the ␣3 map, I1 is 2°away from the inactive cluster, and I 2 is 0.5°away from the active cluster. A major rotation of 8°occurs at the transition of I1 3 I2. (C) The projection of the lobe-lobe translation for the center-of-mass distance of the N-and C-lobe between the 3 ␣-helices and the 3 ␤-strands.
Fig. S6.
Switching of a network of polar residues, including K295, E310, R385, D404, and R409. In the inactive state, E310 points toward R409 and the E310 -R409 interaction forms. In the active state, while the ␣C helix rotates, E310 -R409 breaks and E310 switches its partner to K295 and E310 -K295 forms. The switching mechanism is clearly shown by the center-of-mass distance changes between the side-chains for each pair of interactions. Our previous study using the coarse-grained model suggests that E310 -T338 interaction forms upon activation (1). This notion is confirmed in the current atomistic model. The ion-pair formations by E310 -R385 and by K295-D404 are also examined along the pathways (2, 3). S8 . The population of each cluster and the mean first passage time (MFPT) from the inactive state to the active state estimated from the transition matrix T with a lag time of 100 ps. The population of the 4 relevant states is estimated to be: inactive ϭ 57%, l 1 ϭ 20%, l2 ϭ 14%, and active ϭ 9%. The estimation of MFPT should be considered as a first-order approximation under the assumption that the transition is Markovian. 
SI Text
In the first stage, the initial structures of the Hck kinase domain, ranging from the inactive to the active conformations, are prepared from pulling and umbrella sampling simulations. Details of this structural preparation stage can be found in the previous publication (1) . A brief summary is as follows: The Hck catalytic domain inactive state structure were taken from the 2.0 Å resolution crystal structure (PDB entry 1QCF) in the presence of the inhibitor PP1; the initial active state structure of the Hck catalytic domain was obtained from the 1.7 Å resolution Lck active form structure (PDB entry 3LCK) (2) by sequence alignment using ClustalW (3) and homology modeling using MODELLER (4). ATP was modeled into the active state by placing the adenine base moiety of ATP in the same orientation as the adenine base moiety of the bound inhibitor PP1 in the inactive state Hck crystal structure. The initial internal conformation of ATP and its associated Mg 2ϩ ions was obtained from the Mn-ATP structure in the PKA crystal structure (PDB entry 1ATP) (5) . A 150 mM KCl solution box was used to solvate all structures. The Particle Mesh Ewald approach was used to treat long-range electrostatic interactions and a cutoff of 10 Å was used for nonbond interactions. The initial structures for the intermediate windows for the transition between the inactive and active conformations of the kinase domain were generated using 1D rmsd restraints pulling the structure gradually from the inactive to the active conformation. The region included in the restraint was chosen by initially orienting all nonhydrogen atoms in the kinase domain in the inactive and active reference structures. A total of 82 residues (H289-V329 and S397-G437 in c-Src numbering) were included in the restraint including the ␣C helix, the activation loop, and the ␤3 and ␤5 strands in the N-lobe. Each intermediate was generated at 0.1 Å rmsd intervals with 10 ps of NVT sampling before pulling it to the next intermediate value Ϫ0.1 Å rmsd away. A total of 78 windows were generated spanning the separation of 7.5 Å rmsd between 2 reference states. These windows from pulling were then used as starting points for umbrella sampling MD simulations with a harmonic restraint (1).
In the second stage, all structures from 78 windows are relaxed with a gradually reduced harmonic restraint for heavy atoms from a force constant of 2 kcal/(mol⅐Å 2 ) to zero over a period of 500 ps. Each window is subsequently allowed to explore the local conformational landscape by free MD simulations without any restraint for 12 ns. Therefore, a total of simulation time for production is 0.936 s. All of the simulations were performed using NAMD 2.6 (6) under standard conditions of 300 K with the all-atom PARAM27 CHARMM force field (7) . In this second stage, a cutoff distance of 12 Å is used for nonbond interactions.
Construction of a Connectivity Map. To navigate the conformational landscape, we partitioned the entire configurational space into N discrete clusters by the K-means clustering algorithm. The clustering scheme includes a total of 895 pairwise distances between C␣ atoms that interacts with each other in either the inactive or the active state, or both. We minimized the sum of point-to-cluster-centroid distances, over all clusters, by a 2-phase iteration as implemented in MATLAB. This procedure was repeated 3 times and we selected the cluster partitioning with the lowest value of the sum of point-to-centroid distances.
The clustering procedure yields a good distribution for each configurational snapshot close to the cluster centroid. However, it also leads to very noisy statistics for transitions near the ''edge'' of clusters. To filter out the noisy transitions, we used a distance cutoff of ␥ for the transition between clusters i and j. The transition from i to j occurs only if the point-to-centroid distances satisfy d i (t ϩ ␦t) Ͼ ␥ d i (t), where d i (t) and d i (t ϩ ␦t) are the snapshot distances to the centroid of cluster i for 2 adjacent snapshots at time t and t ϩ ␦t, respectively. A diagram is shown to illustrate this procedure (Fig. S3) . To sort out the cluster ordering on the conformational landscape, a lag time of is used to count intercluster transitions from cluster i to j.
As a first-order approximation, the equilibrium population for each cluster and the transition rate from one cluster to another can be estimated from a Markov model (e.g., refs. 11-15). If a process [or the transition represented by T(t) in this case] is Markovian (9) , it has the following features. (i) As a main feature of the Markov model for time propagation, a Markov chain can provide the kinetic information from simulations, i.e., T(nt) ϭ T n (t) where the process is still Markovian at a coarse-grainer time scale of nt (11). (ii) As we mentioned earlier, the stationary distribution or cluster population (p i ) of all N clusters is the eigenvector of the unit eigenvalue of T. (iii) The second largest eigenvalue provides the characteristic time (or the relaxation time constant of the single exponential decay) of the largest time-scale motion, t* ϭ Ϫt/ln. (iv) The probabilities q i (the forward committor functions) of going from any cluster i to the final active cluster can be computed from T by
where ⌬t is the time unit when the transition matrix was built and TЈ is the (N Ϫ 1) ϫ (N Ϫ 1) matrix formed by removing the Bth row and the Bth column. Here, iЈ, jЈ, and kЈ are the corresponding indices after removal. Therefore, the mean first passage time (the inverse of the transition rate) from the inactive to active cluster is ϭ A . 3) for the transition between clusters. A distance cutoff of ␥ was used to filter out the noisy transitions at the cluster boundary of the transition between clusters i and j. The transition from i to j occurs only if the point-to-centroid distances satisfy d i (t ϩ ␦t) Ͼ ␥di(t), where di(t) and di(t ϩ ␦t) are the snapshot distances to the centroid of cluster i for 2 adjacent snapshots at time t and t ϩ ␦t, respectively. ␦t ϭ 10 ps was used. Shown are 2 illustrative diagrams for unsuccessfully and successful transitions, respectively, where ␥ ϭ 1 is the boundary between 2 clusters. Before applying such a filtering method, both are considered as a transition from i to j. After applying such a filtering method with ␥ Ͼ 1, only the latter is considered as a real transition. ␥ ϭ 1.1 is selected for the rest of discussion. There is one outlier (no. 21), which is close to the edge of the connectivity map and gets disconnected as the cutoff of ␥ increases (Fig. S3) . S6 . Switching of a network of polar residues, including K295, E310, R385, D404, and R409. In the inactive state, E310 points toward R409 and the E310 -R409 interaction forms. In the active state, while the ␣C helix rotates, E310 -R409 breaks and E310 switches its partner to K295 and E310 -K295 forms. The switching mechanism is clearly shown by the center-of-mass distance changes between the side-chains for each pair of interactions. Our previous study using the coarse-grained model suggests that E310 -T338 interaction forms upon activation (1). This notion is confirmed in the current atomistic model. The ion-pair formations by E310 -R385 and by K295-D404 are also examined along the pathways (2, 3). S8 . The population of each cluster and the mean first passage time (MFPT) from the inactive state to the active state estimated from the transition matrix T with a lag time of 100 ps. The population of the 4 relevant states is estimated to be: inactive ϭ 57%, l 1 ϭ 20%, l2 ϭ 14%, and active ϭ 9%. The estimation of MFPT should be considered as a first-order approximation under the assumption that the transition is Markovian. In both the CG model and in the detailed all-atom MD simulations, the free energy landscape is qualitatively consistent. In the neighborhood of the inactive state, the A-loop can move without rotation of the ␣C helix, until the 2 structural elements become more strongly coupled as the system approaches the active state. In the all-atom MD, 4 stable states are resolved (the inactive, active and the intermediate states I 1 and I2), whereas only 2 broad basins were previously resolved in the simplified CG model. Residues I411 to P425 are used to define the flexible region of the A-loop. Residues V304 to K315 are used to define the ␣C helix. ⌬QA-loop and ⌬Q␣C are the difference of the number of native contacts formed. The intermediate contour levels on the upper-left region of B arise from configurations associated with a partial unfolding of the N-lobe of the catalytic domain observed in the CG model. In the all-atom MD simulations, no attempt was made to explore such an unfolding pathway.
Fig. S10.
Illustrative example for reconstructing the orientation of the 2 binding domains (SH2 and SH3) shown in red taken from the crystal structure of Hck (PDB entry 1QCF). This reconstruction was built from a given conformation of the catalytic domain (shown in blue) taken from MD simulations. On the right, the N-terminal linker region (Lys-252 to Trp-260) was aligned between 2 structures to achieve a maximum overlap by minimizing the rms deviation of the backbone atoms in this connecting region (Lys-252-Trp-260; red from the crystal structure and blue from a MD snapshot). The putative 3D models for the full-length kinase are obviously under the simplified assumption of no internal structural change in the 2 binding domains.
Movie S1 (MPG) Movie S1. Animation for the conformational transition from a collective trajectory along the brushed line in Fig. 1 . The top bar is not meant for an indicator of the simulation time, but for monitoring the progression of crossing the 4 states. The ␣C helix (V304 -L317) is highlighted in blue and the A-loop (D404 -P425) in red. Residues R409 and K295 are shown as ball-and-sticks in blue, E310 in red, and Y416 in purple.
